Introduction
Infusion of peripheral blood stem cells (PBSCs) can be associated with systemic toxicities, such as elevated blood pressure (BP) and serum creatinine, and cardiac arrhythmias. [1] [2] [3] [4] [5] [6] [7] Multiple hypotheses have been generated to account for such toxicity, including acute volume expansion or a direct effect of the cryopreservative dimethyl sulfoxide (DMSO), 3, 4, 6 but supporting data remain controversial. 3, [7] [8] [9] [10] [11] [12] [13] The volume of infused red blood cells (RBCs) contained within PBSC grafts has been positively correlated with a greater number of side effects. 1 RBC lysis, which occurs during the freeze-thaw process, leads to the release of free hemoglobin (Hb), which could hypothetically result in impaired vasomotor tone because of nitric oxide (NO) consumption. Indeed, infusion of Hb-based blood substitutes leads to similar toxicities. [14] [15] [16] Further, some of the complications of sickle cell disease (SCD) have been theorized to result largely from hemolysis and the liberation of free Hb. 17, 18 Our hypothesis was that the release of free Hb from thawed peripheral blood allografts explains the similar toxicity observed during PBSC infusions. To test this hypothesis in vivo, we conducted a prospective cohort study comparing 3 groups of subjects undergoing PBSC transplants that received grafts containing RBCs and/or DMSO and a group of healthy volunteers that received normal saline.
Methods
The protocol was approved by the Institutional Review Board of the National Institute of Diabetes and Digestive and Kidney Diseases (NIDKK). All of the subjects gave written informed consent in accordance with Declaration of Helsinki. The study was registered at clinicaltrials.gov (NCT00631787). Group 1 included subjects who received thawed whole grafts containing DMSO and lysed RBCs (supplemental Figure 1 , available on the Blood Web site; see the Supplemental Materials link at the top of the online article). Group 2 included subjects who received fresh grafts containing mostly intact RBCs and no DMSO. Group 3 included subjects who received thawed purified PBSCs. Group 4 included age and sexmatched healthy control subjects who received normal saline in equal volume as the first group.
The primary outcome was the difference between the baseline and maximum systolic and diastolic BP across groups. Secondary outcomes included acute changes in tricuspid regurgitant velocity (TRV) as determined by transthoracic echocardiography, organ function (serum creatinine and brain natriuretic peptide, NT-proBNP; Siemens Vista Analyzer, Siemens Healthcare Diagnostics), and markers of hemolysis (serum lactate dehydrogenase [LDH]), haptoglobin (Siemens Vista Analyzer, Siemens Healthcare Diagnostics) and cell-free Hb (plasma Hb ELISA kit; Bethyl Laboratories) before, during, and after the infusion. Further, the reactive hyperemia index (RHI) as determined by EndoPAT was compared among groups (see supplemental Methods).
Sample size was determined by evaluating retrospective BP data collected from subjects who had previously undergone PBSC transplants at the National Institutes of Health (supplemental Table 1 ). We expected a mean increase in systolic BP of 30 mmHg in the group receiving DMSO and lysed RBCs and 15 mmHg in the group receiving DMSO without RBCs. Based on these data, we initially enrolled 9 subjects into each group giving us an 83% power to detect a difference of 15 mmHg between the group that received lysed RBCs and the other treatment groups, assuming a standard deviation of 10 and a 2-sided significance level of 0.017. A planned analysis performed after 36 subjects were enrolled revealed no differences among groups.
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Group 1 recipients of lysed RBCs were thus subdivided into 2 groups based on whether or not the subjects had SCD (group 1a with SCD, group 1b without SCD). The standard deviation of the increase in systolic BP was assumed to be 12 in group 1a and 10 in the other 3 transplanted groups. A sample size of 15 was selected for group 1a and 11 for each of groups 1b, 2, and 3 (total 48) giving a power to detect a difference of 15 mmHg in the increase in systolic BP of 0.81 for group 1a versus 1b and 0.82 for group 1b versus 2 and group 1b versus 3. Twelve control subjects were matched to the first 12 subjects enrolled in group 1. A 2-sided significance level of 0.017 (Bonferroni rule, 0.05/3) was selected to control for multiple comparisons.
Results and discussion
A total of 60 subjects completed the study (supplemental Table 2 ). There was no statistically significant difference in our primary end point, change in maximum systolic and diastolic BP compared with baseline, among groups (Figure 1 ). However, systolic and diastolic BP increased significantly within each group during the infusion, including in the healthy volunteers that received saline (supplemental Table 3 ), providing direct evidence for volume leading to corresponding BP changes. Further, unlike previous studies that suggest that PBSC-associated systemic toxicity is related to DMSO infusion, 3, 4, [6] [7] [8] [9] there was no significant difference in BP or organ function changes in subjects that did or did not receive DMSO, challenging DMSO as the etiology for PBSC-associated toxicity. Details regarding the PBSC grafts and/or normal saline infused are included in supplemental Results and supplemental Table 4 .
As expected, the median increase in lactate dehydrogenase (LDH) levels was greatest in subjects that received lysed RBCs (median ϩ462.5 unit/L in group 1) compared with the groups that did not receive RBCs (median Ϫ5 unit/L in group 3 and median Ϫ14 unit/L in group 4, P Ͻ .0001) and the group that received fresh RBCs (median ϩ79 unit/L in group 2, P Ͻ .0001, Figure 2 ). Haptoglobin levels decreased significantly more in subjects that received lysed RBCs (median Ϫ52.5 mg/dL) compared with subjects that did not receive lysed RBCs (median Ϫ10 mg/dL in group 2, Ϫ6 mg/dL in group 3, and Ϫ7 mg/dL in group 4 subjects, P Ͻ .0001; Figure 2 ). These data demonstrate that significant amounts of free Hb were infused in group 1 subjects.
There was also no significant difference in the change in TRV or NT-proBNP during the infusion comparing the 4 groups of subjects. Further, group 1 recipients experienced no significant change in TRV (mean from 1.9 m/s to 2.1 m/s, P ϭ .063) or NT-proBNP (mean from 1650 pg/mL to 1624 pg/mL, P ϭ .82) during the PBSC infusion. Changes in creatinine levels also were not significantly different comparing groups. In addition, if a Figure 1 . Change in blood pressure and heart rate during the infusion. Change represents the mean difference between the measured variables (systolic blood pressure (SBP), diastolic blood pressure (DBP), and heart rate (HR) at baseline and the maximum value attained during the study period. BP and heart rate were measured every 15 minutes for the first hour and then once hourly for a total of 4 hours in healthy volunteers and for a total of 8 hours or until the infusion was complete, whichever longer, in transplanted subjects. Values are divided according to study group. The change in blood pressure and heart rate was not significantly different among groups. The boxes represent the 25th and 75th percentiles and border the median horizontal lines. The top and bottom horizontal lines represent the maximum and minimum values, excluding outliers. Figure 2 . Change in LDH and haptoglobin levels in each study group. These data represent the difference between the median baseline levels and median levels measured at the end of each infusion. Levels are subdivided according to study group. The boxes represent the 25th and 75th percentiles and border the median horizontal lines. The top and bottom horizontal lines represent the maximum and minimum values, excluding outliers. significant amount of NO was consumed during the infusion, the RHI would be expected to decrease significantly after infusion in subjects that received lysed RBCs. RHI change in group 1 subjects was not significantly different compared with the other groups (supplemental Table 5 ). Cell-free Hb concentrations drawn from the subjects after infusion were unreliable (supplemental Figure 2) , probably because of technical challenges including ex vivo hemolysis. 19 Given our hypothesis that RBC lysis and release of free Hb with NO scavenging explains the toxicity of thawed PBSC infusion, we sought to determine whether subjects with SCD might be more susceptible. There was no significant difference in the primary end point, change in systolic and diastolic BP during the infusion compared with baseline, comparing group 1a (with SCD) to group 1b (without SCD) subjects (supplemental Table 5 ). Further, the change in TRV, NT-proBNP, and creatinine was not significantly different comparing the subjects with SCD to the other groups. These results are important because the removal of RBCs from the graft, a process that could result in cell loss, is not necessary. It is possible that our trial failed to detect a small effect of infused cell-free Hb because we powered our study based on known BP effects of infused products. In summary, our data do not support that the infusion of lysed RBCs and consumption of NO explains the systemic toxicity associated with PBSC infusions in this acute setting and suggest a limitation of the role of lysed RBCs in the pathophysiology of SCD. 
